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Abstract. Sensory neuron membrane proteins (SNMPs) play a critical role in insect 
chemosensory system. Previously, three SNMPs were identified, characterized and functionally 
investigated in a lepidopteran model insect, Bombyx mori. However, whether these results are 
consistent across other lepidopteran species are unknown. Here genome and transcriptome data 
analysis, expression profiling, quantitative real time PCR (qRT-PCR) and the yeast hybridization 
system were utilized to examine snmp genes of Helicoverpa armigera, one of the most 
destructive lepidopteran pests in cropping areas. In silico expression and qRT-PCR analyses 
showed that, just as the B. mori snmp genes, H. armigera snmp1 (Harmsnmp1) is specifically 
expressed in adult antennae. Harmsnmp2 is broadly expressed in multiple tissues including adult 
antennae, tarsi, larval antennae and mouthparts. Harmsnmp3 is specifically expressed in larval 
midguts. Further RNAseq analysis suggested that the expression levels of Harmsnmp2 and 
Harmsnmp3 differed significantly depending on the plant species on which the larvae fed, 
indicating they may be involved in plant-feeding behaviours. Yeast hybridization results revealed 
a protein-protein interaction between HarmSNMP1 and the sex pheromone receptor, HarmOR13. 
This study demonstrated that SNMPs may share same functions and mechanisms in different 
lepidopteran species, which improved our understanding of insect snmp genes and their functions 
in lepidopterans. 
Keywords: insect olfactory system, qRT-PCR, expression profile, insect-plant interaction
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Introduction
Insects rely on chemosensory systems to detect semiochemical compounds from their 
environment. Insect chemosensory sensilla distribute throughout their bodies, particularly on the 
chemosensory organs including antennae, mouthparts, tarsi, palps and ovipositors. Inside the 
sensilla, chemosensory receptors such as olfactory receptors (ORs) (Leal, 2013), ionotropic 
receptors (IRs) (Liu et al., 2018) and gustatory receptors (GRs) (Xu, 2019) are localized and 
function as an interface between insects and their environment. When semiochemical compounds 
enter the chemosensory sensillum, odorant binding proteins (OBPs) or chemosensory proteins 
(CSPs) can bind these compounds and deliver them to the receptors (Leal, 2013), which are 
activated and transmitted these signals to insect brains. Finally, degrading enzymes inactivate 
these semiochemical signals for subsequent actions (Leal, 2013). Recent studies demonstrated 
that a group of proteins belonging to CD36 superfamily, which are named sensory neuron 
membrane proteins (SNMPs), also play critical roles in the olfactory detection (Vogt et al., 2009). 
The first snmp gene, named snmp1, was identified from polyphemus moths, Antheraea 
polyphemus (Rogers et al., 2001a; Rogers et al., 1997). A. polyphemus snmp1 was shown to be 
highly expressed in pheromone receptor neurons of trichoid sensilla (Rogers et al., 2001b). 
Further evidences in fruit fly, Drosophila melanogaster, indicated that SNMP1 is a cofactor 
along with DmelOR67d/Orco, i.e., the sex pheromone detection system, and therefore, is critical 
for species-recognition (Benton et al., 2007; Jin et al., 2008). In addition, it was recently shown 
that SNMP1 interacts directly with DmelOR22a using Förster resonance energy transfer (FRET) 
system (German et al., 2013). The SNMP2 protein has yet to be fully characterized, but moth 
snmp2 is known to express in supporting cells around odorant sensitive neurons (OSNs) in 
olfactory antennae sensilla (Forstner et al., 2008; Vogt et al., 2009). A new snmp3 was recently 
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identified from Bombyx mori, which is the ortholog of Drosophila snmp2 (Zhang et al., 2020). In 
Coleopteran, four groups of SNMPs based on the phylogeny, sequence characteristics, gene 
structure and organization were reported recently (Zhao et al., 2020), suggesting in different 
orders of insects, SNMPs may be different in numbers and functions.  It was shown that B. mori 
snmp1 is specifically expressed in the adult antennae and has protein-protein interactions with 
pheromone receptor (BmorOR1) and the co-receptor (BmorOrco) (Zhang et al., 2020). Cells that 
co-expressed Heliothis virescens SNMP1 (HvirSNMP1) and pheromone receptor HvirOR13 
were 1000-fold more sensitive to pheromone stimulation compared with cells expressing 
HvirOR13 only or a combination of HvirSNMP2/HvirOR13 (Pregitzer et al., 2014). D. 
melanogaster mutants lacking snmp1 can slightly respond to 11 cis-vaccenyl acetate (cVA), but 
the responses displayed a delayed onset, and took longer to reach peak activity than wild-type (Li 
et al., 2014). Most strikingly, loss of snmp1 caused a dramatic delay in signal termination (Li et 
al., 2014). Male B. mori adults spent much more time finding the females for mating, when 
BmorSNMP1 was knocked down by RNAi, suggesting SNMP1 is critical for the moth 
pheromone detection (Zhang et al., 2020). Bmorsnmp2 is widely expressed in multiple tissues 
while Bmorsnmp3 is specifically detected in midguts. Further microarray analysis suggest snmp3 
may be involved in the silkworm immunity response to virus and bacterial infections (Zhang et 
al., 2020).
Whether the results gained from BmorSNMPs are consistent to other lepidopteran SNMPs is 
unknown. Especially the lepidopteran species show great diversity in size, biology and 
behaviours. Therefore, we initiated this project to study SNMPs in the cotton bollworm, 
Helicoverpa armigera (Lepidoptera: Noctuidae), one of the most destructive pest species in 
agriculture. Unlike the specialist, B. mori, H. armigera larvae can feed on over two hundred 
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different plants including cotton, tobacco, tomato and maize. Furthermore, H. armigera use a 
combination of various pheromone components that are blended at different concentration ratios 
(Wang et al., 2005; Wu et al., 2013). However, only two components were found in B. mori sex 
pheromone: bombykol and bombykal. These highly varied pheromone compositions and 
different plant-feeding behaviours underlie the possible distinct functions or mechanisms of 
SNMPs between these two moths. Genome or transcriptome sequences of H. armigera and two 
close species: Helicoverpa zea (Liu et al., 2014; Pearce et al., 2017a; Xu et al., 2016) and 
Helicoverpa assulta (Xu et al., 2015; Zhang et al., 2015) have been published. Here we 
reanalyzed these sequencing data and performed gene identification, cloning, qRT-PCR, in silico 
expression analysis and yeast hybridization to further investigate three H. armigera snmp genes. 
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Material and Methods
Insect rearing, tissue collection and RNA purification
    H. armigera were kindly provided by Professor Myron Zalucki of University of Queensland, 
which were reared at 26 °C and 70% humidity. Ten male antennae, ten female antennae, 20 male 
tarsi, 20 female tarsi of adults aged 1-3 days, 50 antennae, 50 mouthparts and five midguts of 
fifth instar larvae were collected and immediately stored in liquid nitrogen. Total RNA was 
purified using Qiagen RNeasy mini kit (Qiagen, USA) according to the manufacturer's protocol. 
The purified RNA samples were quantified and qualified using NanoDrop ND-2000 (Thermo 
Scientific, USA) and stored at -80 °C. These RNA samples were used in quantitative RT-PCR.
Bioinformatics and phylogenetics
Sequences encoding H. armigera snmp (Harmsnmp1-3) genes identified previously were 
utilized to search the contigs of the H. zea and H. assulta genome and transcriptome assemblies 
(Pearce et al., 2017a; Xu et al., 2015) using TBLASTN. The identified H. armigera, H. zea and H. 
assulta  SNMP amino acid sequences were used in the phylogenetics analysis with SNMPs from 
other lepidopterans including Plutella xylostella, Danaus plexippus, Heliconius melpomene, 
Manduca sexta, Heliothis virescens, Spodoptera litura, Spdoptera exigua, Antheraea polyphemus, 
Chilo suppressalis, Cnaphalocrocis medinalis, Ostrinia furnacalis, Ostrinia nubilalis, Agrotis 
ipsilon, Hyposmocoma kahamanoa, Eogystia hippophaecolus, Conogethes punctiferalis, Cydia 
pomonella, Ectropis obliqua, , Mamestra brassicae, Trichoplusia ni, Papilio polytes, Papilio 
xuthus, Amyelois transitella, Galleria mellonella, Sesamia inferens, Papilio machaon, Pieris 
rapae, Vanessa tameamea, Bicyclus anynana and Dendrolimus punctatus (Supplementary Data 
1). Twelve CD36 proteins from B. mori and D. plexippus were used in the phylogenetic analysis 
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(Supplementary data 1). All of the amino acid sequences were used to create entry file for 
phylogenetic analysis in MEGA X (Tamura et al., 2007) and visualized by using Interactive Tree 
Of Life (iTOL, https://itol.embl.de/). Firstly  the amino acid sequences of SNMPs were aligned 
by using ClustalW with default settings (pairwise alignment, multiple alignment, BLOSUM 
Protein Weight Matrix and 30% Delay Divergent Cutoff) (Tamura et al., 2007). Then a 
maximum-likelihood tree was constructed using the default settings based on Jones-Taylor-
Thornton (JTT) Model with partial deletion and 70% Site Coverage Cutoff. (Fig. 1).
The identified H. armigera SNMP1-3 amino acid sequences were aligned (Fig. 2) with 
selected B. mori, P. xylostella, D. plexippus and H. melpomene. SNMPs using multiple alignment 
program ClustalW (Cost matrix, BLOSUM) implemented in Geneious software 8.0.5 
(http://www.geneious.com) (Kearse et al., 2012). The Harmsnmp1-3 sequences were utilized in 
exon/intron analysis (http://wormweb.org/exonintron). Multiple transmembrane domains of 
receptors were predicted by TMpred (http://www.ch.embnet.org/software/TMPRED_form.html), 
HMMTOP (http://www.enzim.hu/hmmtop/), TMHMM 
(http://www.cbs.dtu.dk/services/TMHMM/) and finally modeled by 
http://www.sacs.ucsf.edu/cgi-bin/open-topo2.py (Fig. 2). 
Gene expression profile
In a previous study, total RNA samples from various tissues and stages of H. armigera were 
sequenced, including larval antennae, mouthparts, epidermis, fat body, foreguts, midguts, 
hindguts, malpigian tubules, hemocytes, hearts, trachea, ventral nerve, silk glands, salivary 
glands and muscle of the 5th instar larvae; male antennae, female antennae, male tarsi, female 
tarsi, male thorax, female thorax, male abdomens (with testes), female abdomens (with ovaries), 
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male testes and female ovaries from adults; embryo, 3rd instar larvae (whole body), 5th instrar 
larvae (whole body) and pupae (Pearce et al., 2017b; Xu and Liao, 2017). 
Furthermore, within 24 hours of hatching (Pearce et al., 2017b), ten H. armigera larvae from 
the lab colony were fed different host plants. The fourth instar larvae raised on lab diet (n=3) 
(larval RNA libraries Sd1-3, Genbank Biosamples 6608693-5), Maize, Zea mays (n=3) (larval 
RNA libraries M-3, Genbank Biosamples 6608687-9); Cotton, Gossypium hirsutum (n=3) (larval 
RNA libraries Ct1-3, Genbank Biosamples 6608702-4); Arabidopsis thaliana (n=3) (larval RNA 
libraries AR1-3, Genbank Biosamples 6608666-8); Green Bean, Phaseolus vulgaris (n=3) (larval 
RNA libraries GB1-3, Genbank Biosamples 6608675-7), Tobacco, Nicotiana tobacum (n=3) 
(larval RNA libraries Tb1-3, Genbank Biosamples 6608696-8), Tomato, Solanum lycopersicum 
(n=3) (larval RNA libraries Tm1-3, Genbank Biosamples 6608699-701); and Hot Pepper, 
Capsicum frutescens (n=3) (larval RNA libraries Hp1-3, Genbank Biosamples 6608678-80) 
(Pearce et al., 2017b). 
Here all these transcriptome data were reanalyzed to study the in silico expression profiles of 
Harmsnmps. The results were generated using DEW (http://dew.sourceforge.net/) which is an 
automated pipeline that: (1) used Bowtie2 (Langmead and Salzberg, 2012) to align the reads of 
each library against a sequence file comprised of our assembly; (2) post-processed the alignments 
with eXpress (Roberts and Pachter, 2013) to account for isoforms and paralogues; (3) performed 
Trimmed Mean Normalization using edger and estimated Fragments Per Kilobase Per Million 
reads (FPKM) (Robinson et al., 2010). From these data, an expressed gene had to have at least 
four RNA-Seq reads aligned against it and covering at least 0.30 of its length. The FPKM values 
of Harmsnmp1-3 from different tissues, stages and sexes were used to prepare the heatmap (Fig. 
3). The FPKM values of Harmsnmp1-3 of larvae reared on diets and different plants were 
Page 8 of 35Insect Science
9
analysed and graphed (Fig. 4). The mean FPKM values of expressing Harmsnmps were utilized 
and error bars indicate the standard error. Analysis of the statistical significance between each 
plant diet and lab diet was conducted using an ANOVA (single factor) with post hoc Tukey's test 
by using R-package.
Quantitative RT-PCR (qRT-PCR)
Harmsnmp-specific primers were designed (Supplementary Table 1) for qRT-PCR analysis. 
The cDNA templates were prepared using the extracted total RNA and SuperScript® VILO™ 
cDNA Synthesis Kit (Invitrogen, USA), according to the manufacturer's manual. Quantitative 
PCR was performed using QuantiNova SYBR green premix (Qiagen) and HarmRPL32 as the 
control gene (Supplementary Table 1). 10 μl reactions were assembled and qPCR was performed 
on Rotor-Gene Q (Qiagen) as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 
60°C for 15 s, and 65 to 95 °C in increments of 1.0 °C for 5 s. For each cDNA sample and primer 
set, reactions were run in triplicate and average fluorescence Ct values were obtained. Relative 
expression levels were determined using the comparative 2−ΔΔCt method for relative 
quantification (Livak et al., 2001). 
Split-ubiquitin yeast hybridization
     To study if there is a protein-protein interaction between HarmSNMP1 and the pheromone 
receptor, HarmOR13, the yeast two-hybrid system was used here, which is the most widely used 
and powerful method to identify novel protein interactions (Fetchko and Stagljar, 2004; Scheper 
et al., 2003; Stagljar et al., 1998; Thaminy et al., 2003). In this study, it was performed using 
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DUALmembrane pairwise interaction kit according to the manual (Dualsystems Biotech, 
Switzerland) and with the method consistented with that used previously (Zhang et al., 2020). 
Primers and constructs for fusion protein expression constructs were listed in Supplementary 
Table 2. Vectors were chosen to adapt for the transmembrane topology of proteins. Prey vector 
pPR3N, pOST1 and pNubG-Fe65 providing Nub and bait vector pBT3SUC and pTSU2-APP 
providing Cub were used in purpose. The target genes with potential interaction would be cloned 
into either prey vector or bait vector and co-transformed into yeast. Saccharomyces cerevisiae 
yeast (NMY32) were suspended amplified in YPDA (1% yeast extract, 2% Trytone, 2% Glucose 
and 0.02% Adenine) at 30ºC and 225 rpm until OD600>1.5. Binary constructs were subsequently 
co-transformed into yeast which were then cultured in SD-Trp-Leu (SD-T/L) and SD-Trp-Leu-
His-Ade (SD-T/L/H/A) defective selection solid medium. The expression of three reporter genes 
of HIS3, ADE2 and LacZ in yeast could be induced due to the interaction between two fusion 
expressed proteins. The pairs of proteins, such as pNubG-Fe65 and pTSU2-APP (positive 
control), with strong interaction would be represented as positive clones in both SD-T/L and SD-
T/L/H/A defective medium. The pairs of proteins, such as pPR3N and pBT3STE or pBT3SUC 
(negative control), with weak/no interaction would be represented as few/no clones in SD-
T/L/H/A defective medium. The self-activation of target genes in bait vector may cause false 
positive results. To exclude this, the cross interaction between genes in bait vector and relative 
prey vector would be detected. To test for correct expression and functionality of the bait protein 
in yeast, pOST1-NubI were used as positive control prey plasmid leading to the expression of a 
fusion membrane protein with NubI residented in ER. Then, it could be decided which kind of 
pair vectors is most suitable for target genes. Finally, Prey vector, pPR3N and bait vectors, 
pBT3SUC or pBT3STE have been chosen. Further, the activity of β-galactosidase encoded by 
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LacZ gene in yeast could be stained by X-gal solution at room temperature and then detected by 
microplate reader. 




Previously from the H. armigera transcriptome and genome assembly (Pearce et al., 2017b), 
three full-length snmp genes were identified and named Harmsnmp1, Harmsnmp2 and 
Harmsnmp3 (Supplementary data 1) (Zhang et al., 2020). Moreover, by using identified 
Harmsnmp gene sequences, two orthologs from H. assulta transcriptome assembly (Xu et al., 
2015) were successfully identified, which were named Hasssnmp1 and Hasssnmp2 
(Supplementary data 1). Three full-length orthologous snmp gene sequences were also 
successfully obtained from H. zea genome assembly and named Hzeasnmp1-3 (Supplementary 
data 1). All these eight Helicoverpa SNMPs showed high identities (>97%) to their orthologous 
proteins in the other two Helicoverpa species. 
      
Phylogenetic, alignment and structural analysis
Phylogenetic analysis was performed by using identified Helicoverpa SNMPs and selected 
lepidopteran SNMPs (Fig. 1). The result shows that beside the branches of B. mori and D. 
plexippus CD36 proteins, three distinct clades are formed: the SNMP1 clade, SNMP2 clade and 
SNMP3 clade. In each clade, insect SNMPs were distributed in a family-specific way, for 
example, SNMPs of moths and butterflies formed different branches. Only a limited number of 
SNMP3 were found in NCBI database suggest SNMP3 may not be fully annotated as SNMP1 
and SNMP2 from lepidopteran genome or transcriptome databases.
A sequence alignment analysis (Fig. 2A) of selected Lepidopteran full-length SNMPs was 
performed. The results showed that Lepidopteran SNMP1, SNMP2 and SNMP3 are conserved at 
multiple amino acid residues, suggesting these residues may play important roles in SNMP 
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functions. For example, eight conserved cysteine residues were identified and highlighted, which 
may form four disulphide bonds and be important for SNMP structure and function. H. armigera 
snmp1-3 genes are localized in different scaffolds in the genome (Fig. 2B). Harmsnmp1 is in 
scaffold 38 (20,611 bp), Harmsnmp2 is in scaffold 25 (9,148 bp) while Harmsnmp3 is in scaffold 
42 (76,485 bp). Harmsnmp1 contains nine exons while Harmsnmp2 and Harmsnmp3 contain ten 
exons, but the intron/exon structures are closer between Harmsnmp1 and Harmsnmp2 (Fig. 2B). 
The predicted protein structures of all three HarmSNMPs are similar, with two transmembrane 
domains, one intracellular N-terminus and one intracellular C-terminus. All eight conserved 
cysteines of HarmSNMPs are localized on the extracellular domain, which may play a critical 
role for the protein structures and functions (Fig. 2C). 
Expression Profile
To further characterize the potential functions of three HarmSNMPs, a tissue expression 
profile of these identified Harmsnmp genes from the 29 transcriptomic libraries was built (Fig. 
3A). All three Harmsnmp genes were expressed in at least one library (Fig. 3A). Harmsnmp1 was 
highly and specifically expressed in male and female adult antennae (Fig. 3A), suggesting it is 
involved in the olfaction to detect sex pheromone components or other odorants. Harmsnmp1 
expression was also slightly detected in the adult tarsi. Harmsnmp2 was detected widely in 
multiple tissues, especially in adult antennae, tarsi, larval antennae and cuticles. All these tissues 
belong to major chemosensory tissues and directly contact the plants. Harmsnmp3 was only 
slightly detected from the larval midguts as described before (Zhang et al., 2020). 
   Further qRT-PCR analyses were performed to validate the Harmsnmp1-3 expression from 
larval antennae, larval mouthparts, larval midgut of 5th instar larvae, antennae and tarsi of adults 
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(Fig. 3B). The results were consistent with the in silico expression analysis (Fig. 3A). 
Harmsnmp1 was detected in both male and female adult antennae while Harmsnmp2 was 
detected in multiple tissues (Fig. 3B). Harmsnmp3 was only detected from the larval midgut.
   Furthermore, the expression levels of three Harmsnmp genes in the fourth-instar larvae were 
compared, which were raised from artificial diet and seven different host plants including 
Arabidopsis, green bean, tobacco, cotton, capsicum, maize and tomato. The average FPKM 
values of Harmsnmp genes in larvae from RNA sequencing data were used in this analysis. It is 
not surprising that Harmsnmp1 was not detected in this analysis (Fig. 4). Harmsnmp1 is mainly 
expressed in adult antennae but not detected in the larval stage (Fig. 3A and B). All the selected 
feeding plants upregulate the expression levels of Harmsnmp2 in the 4th instar larvae comparing 
to lab diet (Fig. 4). Harmsnmp2 showed highest expression in the larvae feeding on tobacco. 
Interestingly, Arabidopsis, green bean, tobacco, cotton, and capsicum increased the expression of 
Harmsnmp3 but maize and tomato decreased the expression (Fig. 4). 
SNMP1 interacted with pheromone receptor
As shown in our previous study, a weak pairwise interaction of BmorSNMP1 with BmorOR1 
has been revealed by the split-ubiquitin yeast hybridization system. Therefore, we hypothesized 
that there is a similar crosstalk between HarmSNMP1 and the pheromone receptor HarmOR13. 
To investigate this, split-ubiquitin yeast hybridization was performed which is considered as this 
promising method to reveal the interaction between those transmembrane proteins. As shown in 
Fig. 5A, the yeast co-transformed with positive control could be detected under both SD-Trp-Leu 
(SD-T/L) and SD-Trp-Leu-His-Ade (SD-T/L/H/A) defective selected conditions shown strong 
interaction between pNubG-Fe65 and pTSU2-APP. To exclude the internal interaction between 
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vectors, the empty constructs of pPR3N versus pBT3SUC (negative controls) were co-
transformed into the yeast which has been shown detected under SD-T/L rather than stricter 
selective condition SD-T/L/H/A. However, when HarmSNMP1 was cloned into bait vector 
pBT3SUC, the functional expression (pOST1-NubI × pBT3SUC-HarmSNMP1) is accepted 
which was supported by positive clones in defective medium. But the self-activation could also 
be detected by co-transformed with pPR3N × pBT3SUC-HarmSNMP1. Thus, the positive clones 
in SD-T/L/H/A medium for those co-transformed with pPR3N-HarmOR13 and pBT3SUC-
HarmSNMP1 might be false-positive results (Fig. 5B). It suggests that pPR3N vector may not be 
suitable for HarmOR13. When HarmSNMP1 was cloned into prey vector pPR3N and bait vector 
HarmOR13 was cloned into pBT3SUC, the self-activation of pPR3N-HarmSNMP1 (pPR3N-
HarmSNMP1 × pBT3SUC) and functional expression of pBT3SUC-HarmOR13 (pOST1-NubI × 
pBT3SUC-HarmOR13) could be supported by the positive clones in SD-T/L/H/A medium. A 
weak interaction between HarmSNMP1 and HarmOR13 (pPR3N-HarmSNMP1 × pBT3SUC-
HarmOR13) could be supported by the positive clones (Fig. 5C). The β-galactosidase activity 
was evaluated for examining the intensity of the pairwise interaction. Statistical analysis showed 
a slight higher value for the interaction of pPR3N-HarmSNMP1 × pBT3SUC-HarmOR13, but no 
significant difference compared with negative control. 
In our previous study, positive but weak pairwise interaction between SNMP1 and pheromone 
receptor was detected in B. mori. Using identical method, a rather weak interaction between 
HarmSNMP1 and HarmOR13 has been shown here, which did initiate the expressions of HIS3 
and ADE2 report genes but could not trigger β-galactosidase activity in yeast well.  
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Discussion
SNMPs are membrane proteins involved in the chemosensory detection in insects, which can 
be grouped to SNMP1-clade, SNMP2-clade and SNMP3-clade. However, only two snmp-like 
genes were identified from H. assulta while snmp3 was missing. No H. assulta genome data is 
available at this stage, so it is possibly the reason for the missing snmp3. Another reason is snmp3 
is specifically and lowly expressed in the midgut, not broadly or highly expressed in multiple 
tissues like snmp2. These may be the reasons that in many lepidoptera species, snmp3 was not 
identified yet. 
To date, SNMP1 expression was shown to be highly expressed in pheromone receptor neurons 
of trichoid sensilla (Forstner et al., 2008; Rogers et al., 2001a). Based on the expression analysis, 
Harmsnmp1 is specifically expressed in adult antennae and the expression levels in male and 
female antennae are close. Functional studies in Drosophila showed that SNMP1 is essential for 
the pheromone receptor (OR67d) to detect the sex pheromone, cVA (Benton et al., 2007; Gomez-
Diaz et al., 2013; Jin et al., 2008). RNAi on SNMP1 in B. mori can cause the male moths to 
spend much more time to find the female for mating (Zhang et al., 2020). SNMP1 can directly 
interact with odorant receptors (Benton et al., 2007; German et al., 2013) and Orco (Zhang et al., 
2020) suggesting SNMP1 may play a specific role in olfactory detection of pheromone. SNMP1 
was also highly detected expression in the female adult antennae (Fig. 3A and B) in which the 
pheromone receptors were not or lowly expressed, suggesting SNMP1 may play other important 
roles rather than purely sex pheromone detection. Additionally, a low expression of Harmsnmp1 
was detected in adult tarsi, which is a critical gustatory tissue to detect plant compounds through 
directly contact.
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A recent study showed that Sesamia inferens snmp2 is broadly and highly expressed in 
antennae, legs and wings (Zhang et al., 2013). Our study showed Harmsnmp2 is highly expressed 
in adult antennae, tarsi and larval antennae and epidermis cuticles, suggesting they may play roles 
related to the cuticles at larvae stage, for example, plant compounds detection. Tarsi is a major 
gustatory tissue and its chemosensilla were characterized through electrophysiological 
experiments by stimulating with sucrose, glucose, fructose, maltose, myo-inositol and common 
amino acids (Zhang et al., 2010), suggesting HarmSNMP2 may be involved in not only olfaction 
but also gustation. 
HarmSNMP3 is a newly identified SNMP subfamily and was only detected from the midgut 
(Zhang et al., 2020). The microarray data showed that BmorSNMP3 is likely involved in the 
immune responses to virus and bacterial infections (Zhang et al., 2020). Insect midgut is a major 
part of the digestive tract and plays critical roles in metabolism, immune response, homeostasis 
of electrolytes, osmotic pressure and circulation. In Drosophila midgut, a number of gustatory 
receptors were detected expression, suggesting they play a role in the chemosensation of the 
midguts (Park and Kwon, 2011). It is also possible for SNMP3 be involved in the 
chemosensation in insect midguts. CD36 proteins play multi-roles in insects, for example, 
scavenger of dead cells, removal of bacteria and long-chain fatty acid metabolism. In Drosophila, 
CD36 proteins have been shown to uptake vitamin and transfer it to retina (Kiefer C et al, 2002; 
Wang et al, 2007). As a member of CD36 family, SNMP3 in lepidopteran midgut may have 
similar functions. 
Whether three HarmSNMPs play roles in insect responses to different host plants was 
examined here. The RNAseq results on the larvae reared from different host plants showed that 
Harmsnmp2 and Harmsnmp3 expression profiles can be significantly regulated after feeding 
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different host plants (Fig. 4). Harmsnmp1 is only highly expressed on adult antennae, which was 
not detected in the host plant feeding RNAseq study. Host plants can upregulate or downregulate 
Harmsnmp2 or 3 expression significantly, suggesting there is an interaction between plant-
feeding and HarmSNMPs. Different host plants consist of different chemical compounds, which 
can interact with the chemosensory system through midguts, epidermis, mouthparts and antennae 
to regulate insect behaviours. These compounds may also alter the expression levels of the 
chemosensory genes like snmps in this study. However, in this study, the larvae fed on plants 
from 1st instar to 4th instar, suggesting the increase or decrease of snmp2 and snmp3 expression 
levels may be an indirect result from the long-term physical homeostasis of larvae by plant 
nutrients, rather than the direct responses to plant metabolites insect fed on. A time-dependent 
treatment coupled with RNA sequencing of the insect samples will help better understand the 
interactions between insect SNMPs and plants they feed on. 
Yeast hybridization results showed that there is a weak protein-protein interaction between 
HarmSNMP1 and the pheromone receptor HarmOR13, which may be due to the system utilized 
in this study The hybrid HarmSNMP1 and HarmOR13 were fusion proteins, so the fused parts 
may inhibit the protein-protein interactions, especially if an interaction takes place at the N or C-
terminus. Moreover, HarmSNMP1 and HarmOR13 may be not correctly modified or structured 
in yeast (e.g., missing phosphorylation), which can also result in weak interactions. 
In a recent in vivo functional study on HarmSNMP1 by using CRISPR/Cas9, SNMP1-/- 
homozylous mutant line was established from H. armigera (Liu et al., 2019). Electroantennogram 
(EAG) recording results revealed that the whole antennae of SNMP1-/- homozylous mutant 
weakly responded to Z11-16:Ald, the major sex pheromone component, and Z9-16:Ald, minor 
component, than wild type. Interestingly, no obviously different response to general plant volatile 
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compounds were observed between SNMP1-/- homozylous mutant and wild type. Mating 
behaviour confirmed that mating rate of SNMP1-/- homozylous mutant remarkably decreased in 
comparison to wild type. All these results suggest HarmSNMP1 is indispensable for pheromonal 
communication in male adults, just as what was observed from B. mori (Liu et al., 2019).
In summary, Harmsnmp1 is specifically expressed in adult antennae and may be involved in 
the olfactory detection as Bmorsnmp1. Harmsnmp3 is specifically expressed in larval midgut and 
may be involved in the chemosensation in the digestion system. Harmsnmp2 is highly expressed 
in several chemosensory tissues including adult antennae, tarsi and larval epidermis and larval 
antennae. The host plants H. armigera larvae feed on can regulate the expression levels of 
Harmsnmp2 and Harmsnmp3 at larvae stage. HarmSNMP1 demonstrated a protein-protein 
interaction with the major pheromone receptor, HarmOR13. This study confirmed that H. 
armigera and B. mori SNMPs shared similarities on the sequences, expression profiles and the 
interactions with pheromone receptors, suggesting SNMPs may be functionally conserved 
crossing different Lepidoptera species.
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Figure Legends
Figure 1. The phylogenetic analysis of lepidopteran SNMPs. CD36s and SNMPs from B. mori 
(Bmor), H. armigera (Harm), H. zea (Hzea), P. xylostella (Pxyl), D. plexippus (Dple), H. 
melpomene (Heml), H. assulta (Hass), Manduca sexta (Msex), Heliothis virescens (Hvir), 
Spodoptera litura (Slit), Spdoptera exigua (Sexi), Antheraea polyphemus (Apol), Chilo 
suppressalis (Csup), Cnaphalocrocis medinalis (Cmed), Ostrinia furnacalis (Ofur), Ostrinia 
nubilalis (Onub), Agrotis ipsilon (Aips), Hyposmocoma kahamanoa (Hkah), Eogystia 
hippophaecolus (Ehip), Conogethes punctiferalis (Cpun), Cydia pomonella (Cpom), Ectropis 
obliqua (Eobl), Mamestra brassicae (Mbra), Trichoplusia ni (Tni), Papilio polytes (Ppol), 
Papilio xuthus (Pxut), Amyelois transitella (Atra), Galleria mellonella (Gmel), Sesamia inferens 
(Sinf), Papilio machaon (Pmac), Pieris rapae (Prap), Vanessa tameamea (Vtam), Bicyclus 
anynana (Bany) and Dendrolimus punctatus (Dpun) were utilized in the phylogenetic analysis by 
using MEGA (Supplementary Data 1). The newly identified Helicoverpa SNMPs were 
highlighted in red color.  
Figure 2. The sequence alignment, schematic representation and structural analysis of three 
H. armigera SNMPs. A. The sequence alignment of Lepidoptra SNMP1-3 from B. mori, H. 
armigera, H. zea, P. xylostella, D. plexippus and H. melpomene. Conserved residues were 
highlighted with asterisks and the eight conserved cysteines were highlighted. B. Schematic 
representation of Harmsnmp1-3 genomic organization. The localization on scaffolds, the gene 
size, and exon/intron structures of Harmsnmp1-3 genes. Solid blocks represent exons. Introns are 
indicated by full lines. C. The transmembrane domain structures of HarmSNMP1-3 modelled by 
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using software http://www.sacs.ucsf.edu/cgi-bin/open-topo2.py. The conserved cysteines were 
highlighted in red color.
Figure 3. Expression profiles of Harmsnmp1-3 genes. A. In silico Harmsnmp1-3 expression in 
various tissues including: antennae (LAN), mouthparts (LMO), epidermis cuticle (LEC), fat body 
(LFB), foreguts (LFG), midgets (LMG), hindguts (LG), malpighian tubules (LMT), haemocytes 
(LHC), hearts (LHT), trachea (LTC), ventral nerve (LVN), silk glands (LSG), salivary glands 
(LSAG) and muscle (LMU) of 5th instar larvae;  male antennae (♂AN), female antennae (♀AN), 
male tarsi (♂TA), female tarsi (♀TA), male thorax (♂TH), female thorax (♀TH), male abdomens 
(♂AB), female abdomens (♀AB), male testes (♂TE) and female ovaries (♀OV) from day 0 to 
day 5 adults; eggs, 3rd instar larvae (whole body), 5th instar stage larvae (whole body) and pupae. 
The color in the box represents the FPKM value (Dark red, max. value; yellow, mid. value; and 
white, min. value). B. qPCR analysis of Harmsnmp1-3 in larval antennae (LAN), larval 
mouthparts (LMO), larval midgut (LMG), male antennae (♂AN), female antennae (♀AN), male 
tarsi (♂TA) and female tarsi (♀TA). In qPCR analysis, RPL32 was used as the reference gene. 
Values were shown as means ± SEM.  
Figure 4. Expression profiles of Harmsnmp2 and Harmsnmp3 in fourth-instar larvae raised 
from lab diet, Arabidopsis, capsicum, cotton, green bean, maize, tobacco, and tomato. The bar 
stands for the average FPKM values and the standard error were labelled. ANOVA with post hoc 
Tukey's test was used to statistically analyze the differences between larvae raised from plants 
and artificial lab diet.  
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Figure 5. The interaction between HarmSNMP1 and pheromone receptor, HarmOR13, 
using split-ubiquitin yeast hybridization system. After co-transformed two fusion protein 
constructs into yeast, positive clones could be shown in amino acid defective selection medium 
(SD-T/L or SD-T/L/H/A) if the two target proteins interacted with each other. β-galactosidase 
activity was evaluated for examining the intensity of the pairwise interaction. A, two pairs of 
pNubG-Fe65 × pTSU2-APP and pPR3N x pBT3SUC were used as positive and negative controls 
respectively. B and C, the reported interaction of HarmSNMP1 and HarmOR13 was examined by 
yeast hybridization assays. 
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Supplementary Table 2. Primers of Helicoverpar genes for yeast two-hybridization
HarmOR13 pBT3SUC For:ATTAACAAGGCCATTACGGCCAAAATTCTATCAGACGGT; 
Rev:AACTGATTGGCCGAGGCGGCCCCCTGTTCTTCTTCTGC




HarmOR13 pPR3N For: ATTAACAAGGCCATTACGGCCATGAAAATTCTATCAGACGGT
Rev: AACTGATTGGCCGAGGCGGCCTCACTGTTCTTCTTCTGC
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Supplementary Table 3. The resources of the SNMP sequences used in phylogenetic 
analysis
Protein Name NCBI Accession Organism
BmorSNMP1 NP_001037186.1 Bombyx mori
BmorSNMP2 XP_012547405.1 Bombyx mori
BmorSNMP3 XP_004933211.1 Bombyx mori
DpleSNMP1 XP_032518326.1 Danaus plexippus
DpleSNMP2 XP_032512160.1 Danaus plexippus
DpleSNMP3 XP_032528035.1 Danaus plexippus
HmelSNMP1 (Zhang et al., 2020) Heliconius melpomene
HmelSNMP2 (Zhang et al., 2020) Heliconius melpomene
HmelSNMP3 (Zhang et al., 2020) Heliconius melpomene
PxylSNMP1 E2IHA6.1 Plutella xylostella
PxylSNMP2 (Zhang et al., 2020) Plutella xylostella
PxylSNMP3 (Zhang et al., 2020) Plutella xylostella
MsexSNMP1 Q9GPH7.1 Manduca sexta
MsexSNMP2 Q9GPH8.1 Manduca sexta
MsexSNMP3 XP_030032387.1 Manduca sexta
HvirSNMP1 Q9U1G3.1 Heliothis virescens
HvirSNMP2 B2RFN2.1 Heliothis virescens
HvirSNMP3 PCG62776.1 Heliothis virescens
SlitSNMP1 XP_022834366.1 Spodoptera litura
SlitSNMP2 AGN48099.1 Spodoptera litura
SlitSNMP3 AKT26506.1 Spodoptera litura
SexiSNMP1 AGN52676.1 Spdoptera exigua
SexiSNMP2 AGN52677.1 Spdoptera exigua
SexiSNMP3 AKT26505.1 Spdoptera exigua
ApolSNMP1 O02351.1  Antheraea polyphemus
ApolSNMP2 CAP19029.1  Antheraea polyphemus
CsupSNMP1 AFS50073.1 Chilo suppressalis
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CsupSNMP2 AFS50074.1 Chilo suppressalis
CmedSNMP1 AFG73002.1 Cnaphalocrocis medinalis
CmedSNMP2 AFG73003.1 Cnaphalocrocis medinalis
OnubSNMP1 E5EZW6.1 Ostrinia nubilalis
OnubSNMP2 E5EZW9.1 Ostrinia nubilalis
OfurSNMP1 E5EZW7.1 Ostrinia furnacalis
OfurSNMP2 E5EZX0.1 Ostrinia furnacalis
AipsSNMP1 (Zhang et al., 2020) Agrotis ipsilon
AipsSNMP2 (Zhang et al., 2020) Agrotis ipsilon
HkahSNMP1 XP_026331738.1 Hyposmocoma kahamanoa
HkahSNMP2 XP_026333599.1 Hyposmocoma kahamanoa
DpunSNMP1 ARO70303.1 Dendrolimus punctatus
DpunSNMP2 ARO70304.1 Dendrolimus punctatus
EhipSNMP1 AOG12884.1 Eogystia hippophaecolus
EhipSNMP2 AOG12883.1 Eogystia hippophaecolus
CpunSNMP1 APG32554.1 Conogethes punctiferalis
CpunSNMP2 APG32553.1 Conogethes punctiferalis
CpomSNMP1 ATD12153.1 Cydia pomonella
CpomSNMP2 ANE31722.1 Cydia pomonella
EbolSNMP1 AKN78948.1  Ectropis obliqua
EbolSNMP2 ANA75033.1  Ectropis obliqua
MbraSNMP1 Q8I9S2.1 Mamestra brassicae
TniSNMP2 XP_026745475.1 Trichoplusia ni
VtamSNMP2 XP_026491351.1  Vanessa tameamea
VtamSNMP3 XP_026500665.1  Vanessa tameamea
PpolSNMP2 XP_013141665.1 Papilio polytes
PxutSNMP2 XP_013161783.1 Papilio xuthus
AtraSNMP2 XP_013200346.1 Amyelois transitella
BanySNMP2 XP_023944614.1 Bicyclus anynana 
GmelSNMP2 XP_026748291.1 Galleria mellonella
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SinfSNMP2 AGY49251.1 Sesamia inferens
PmacSNMP2 XP_014370188.1 Papilio machaon
PrapSNMP1 XP_022114656.1  Pieris rapae
Supplementary data 1. Protein sequences of lepidopteran SNMPs for the phylogenetic 
analysis.
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Figure 1. The phylogenetic analysis of lepidopteran SNMPs. 
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